AbstrAct background A growing body of research suggests exposure to high levels of outdoor air pollution may negatively affect cognitive functioning in older adults, but less is known about the link between indoor sources of air pollution and cognitive functioning. We examine the association between exposure to indoor air pollution and cognitive function among older adults in Mexico, a developing country where combustion of biomass for domestic energy remains common. Method Data come from the 2012 Wave of the Mexican Health and Aging Study. The analytic sample consists of 13 023 Mexican adults over age 50. Indoor air pollution is assessed by the reported use of wood or coal as the household's primary cooking fuel. Cognitive function is measured with assessments of verbal learning, verbal recall, attention, orientation and verbal fluency. Ordinary least squares regression is used to examine cross-sectional differences in cognitive function according to indoor air pollution exposure while accounting for demographic, household, health and economic characteristics. results Approximately 16% of the sample reported using wood or coal as their primary cooking fuel, but this was far more common among those residing in the most rural areas (53%). Exposure to indoor air pollution was associated with poorer cognitive performance across all assessments, with the exception of verbal recall, even in fully adjusted models. conclusions Indoor air pollution may be an important factor for the cognitive health of older Mexican adults. Public health efforts should continue to develop interventions to reduce exposure to indoor air pollution in rural Mexico.
IntroductIon
A growing body of evidence suggests that exposure to high levels of air pollution may negatively affect cognitive functioning among older adults. [1] [2] [3] [4] [5] [6] While studies of air pollution and cognition in older adults have focused on air pollution from outdoor sources including traffic and industry, less is known regarding how pollution from indoor combustion of biomass for domestic energy relates to cognitive function. However, indoor air pollution remains a serious public health concern in developing countries. The WHO estimates that approximately 3 billion people at a global level rely on the combustion of biomass for domestic energy and over 4 million premature deaths a year from pneumonia, stroke, ischaemic heart disease, chronic obstructive pulmonary disease and lung cancer can be attributed to indoor air pollution. 7 Further, research from Guatemala has suggested that prenatal exposure to woodsmoke is associated with impaired neurodevelopment among children. 8 Indoor air pollution is most prevalent in rural areas of developing countries, where as many as 90% of the population may rely on biomass for domestic energy. 9 This practice is common in Mexico, especially in rural areas and in southern regions. For example, in Oaxaca and Chiapas, an estimated 50%-60% of the population relied on solid fuels for domestic energy as of 2000 10 and an estimated 48% of total residential energy demand in Mexico still came from fuelwood and charcoal in 2010.
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Understanding the social and environmental factors that influence cognitive function in old age is becoming increasingly important as the Mexican population continues to age rapidly. The Mexican population age 60+ is projected to expand from 6.9 to 36.3 million from 2000 to 2050, 12 but ageing in Mexico is occurring with limited institutional support for older adults. 13 The expansion of the older population may lead to a growth in the absolute number of older adults suffering from cognitive impairments, which may place substantial burdens on both family caregivers 14 as well as healthcare systems. 15 Given these trends, identifying modifiable factors that may harm cognitive function in old age is a major public health priority. In this analysis, we seek to determine how exposure to indoor air pollution is associated with cognitive functioning among older adults in the context of Mexico using a nationally representative data set of older adults from a developing country where combustion of biomass for domestic energy remains common. Based on previous research on air pollution from outdoor sources and cognitive function, we hypothesise a negative association between indoor air pollution and cognition.
Methods data
Data come from the Mexican Health and Aging Study (MHAS). 16 The MHAS is a large, nationally representative study of older 
Indoor air pollution
Indoor air pollution is assessed by what fuel the respondent uses most frequently for cooking. Possible responses include 'gas', 'wood or coal' or 'other' (oil, electricity, other). Because less than 1% of the sample reported 'other' and we could not determine whether this group was exposed to indoor air pollution, we exclude those reporting 'other' and code indoor air pollution as use of 'wood or coal' versus 'gas'.
cognitive functioning
Cognitive functioning in the MHAS is assessed using the Cross-Cultural Cognitive Examination (CCCE) which is especially useful in populations with limited literacy and mathematical abilities. 17 The CCCE evaluates cognitive functioning using several assessments including verbal learning (the average number of eight words recalled correctly across three trials) (0-8), verbal recall of the eight-word list (0-8), an attention task in which the respondent identifies a stimulus in a visual array of different stimuli (0-60), an orientation task in which the respondent is asked to identify the day, month and year (0-3), and a verbal fluency task in which the respondent lists as many animals as he/she can within 1 min (0-60).
confounding variables
Demographic covariates include age, sex, educational attainment, locality size, household wealth and dwelling characteristics. Educational attainment is measured as the completed number of years of formal education. We also account for differences in poor housing quality and living conditions by including several characteristics of the dwelling: wall material (partition/brick/ stone/concrete, wood, adobe, or other), roof material (concrete/ partition/brick, palm/shingles/wood, asbestos/metal laminate, or other), floor material (wood/mosaic/other, concrete, or mud), plumbing type (piped inside, piped outside, or unpiped) and whether insecticide is used regularly in the household. Locality size is a categorical variable indicating whether the respondent's community of residence has 100 000+, 15 000-99 999, 2500-14 999, or fewer than 2500 inhabitants. Household wealth captures financial well-being and is calculated as the sum of the value of all assets including businesses, money in stocks and accounts, vehicles, and real estate and missing values are imputed by the MHAS. 18 Health covariates include a count of chronic conditions (hypertension, diabetes, cancer, respiratory conditions, heart attack and stroke), whether or not the respondent had health insurance coverage at the time of the survey and smoking behaviours (never smoker, former smoker, current smoker).
statistical analysis
Each cognitive score, by assessment, is modelled individually using ordinary least squares (OLS) regression. Analysing cognitive assessments separately allows us to determine whether indoor air pollution is associated with cognitive function broadly, or only in specific tasks, and serves as a robustness check for our results. In model 1, each score is modelled as a function of only age, sex, educational attainment and locality size. In model 2, we add quartiles of household wealth. In model 3, we add other characteristics of the household (wall, floor, ceiling materials, plumbing type and use of insecticide). In model 4, we add the count of chronic conditions, health insurance coverage and smoking behaviour. All statistical models are estimated using Stata V.14. We also examined different models of cognitive function including Poisson and logistic which produced similar results; for this reason we present the OLS results to facilitate interpretation. Models were also tested with and without applying sampling weights which yielded similar results. We present the results of the unweighted regression models, but apply the sampling weights to the descriptive results.
results descriptive results
We present our descriptive results, stratified by reported type of cooking fuel, in table 1. About 84.2% of the sample reported using gas while 15.8% relied on wood/coal for cooking fuel. Respondents who used biomass as cooking fuel had significantly lower mean scores across all cognitive assessments than those who used gas as cooking fuel. Further, compared with those who used gas, those who used wood/coal had fewer years of education (6.5 vs 2.6 years) and were more likely to live in rural areas. Respondents who used wood/coal as cooking fuel also appeared more socioeconomically disadvantaged as they were more concentrated in the lowest quartile of wealth, and had lower rates of health insurance. However, those who used gas reported more chronic conditions, and were more likely to be former or current smokers. Respondents also differed in dwelling materials and characteristics according to fuel type. There was also large variation of fuel source by locality size: the per cent of respondents relying on biomass for cooking fuel ranged from only 1.3% in localities with 100 000+ residents to 53.3% in localities with fewer than 2500 residents (results not shown).
regression analyses
We present the parameter estimates for using wood/coal as main cooking fuel compared with using gas, by cognitive assessment in table 2. Focusing first on models of verbal learning, in model 1, using biomass as cooking fuel was associated with decreased performance (β: −0.18, P<0.001) even after accounting for age, sex, educational attainment and locality size. When household wealth is added in model 2, use of biomass as cooking fuel remains statistically significant. We then adjust for dwelling characteristics in model 3. Although the parameter estimate for use of biomass as cooking fuel is reduced, the estimate remains significant and is unaltered in model 4 (β: −0.13, P<0.001) when health covariates are added. Using wood/coal as cooking fuel was also negatively associated with verbal recall performance, although the estimate was only marginally significant (β: −0.11, P=0.06) in model 1, but not with further adjustment. For the attention assessment, those who reported using wood/coal as cooking fuel performed significantly worse across all models. The parameter estimate was reduced when dwelling characteristics were added in model 3, but remained significant even in fully adjusted models (β: −3.27, P<0.001). Further, those who used biomass as cooking fuel identified fewer animals in the verbal fluency task. This association remained significant even in fully adjusted models (β: −0.68, P<0.001). Respondents who relied on wood/coal for cooking fuel performed significantly worse on the orientation task as well. While the parameter estimate was reduced by the inclusion of dwelling characteristics, the estimate remained significant (β: −0.12, P<0.001) in fully adjusted models.
The full results from model 1 and model 4 by cognitive assessment are shown in online supplementary table 1. Older age, fewer years of education and living in a more rural area were associated with lower scores across the cognitive function assessments. We provide some context for the size of the associations between wood/coal use as cooking fuel and cognitive function by plotting parameter sizes in terms of additional years of age or fewer years of education in figure 1. We calculated effect sizes by dividing parameter estimates for wood/coal use by the parameter estimates for age and educational attainment in fully adjusted models (model 4) in online supplementary table 1. The association between wood/coal use and cognition was equivalent to 3.5-6.5 additional years of age, or 1.7-3.3 fewer years of schooling.
sensitivity analyses
We conducted sensitivity analyses to test the robustness of our results. First, while respondents may not report using wood/coal as cooking fuel at the time of the survey, they may have used it in the past. While 95% of those who used gas as cooking fuel in 2003 still reported using gas in 2012, only 60% of those who used wood/coal as cooking fuel in 2003 still used biomass as cooking fuel in 2012. This may lead to exposure in our 'unexposed' group which should, theoretically, bias our estimates towards the null. We take advantage of the longitudinal nature of the MHAS by modelling cognitive scores in 2012 as a function of the reported cooking fuel approximately a decade prior. Cooking with biomass in 2001 was associated with worse cognitive function in 2012. We obtained similar results using reported cooking fuel in 2003. Results of these sensitivity analyses are shown in online supplementary table 2. Second, women may be particularly impacted by indoor air pollution as they are typically tasked with cooking. 19 We stratified analyses by sex and found that indoor air pollution was associated with the same assessments (verbal learning, attention, verbal fluency and orientation) for men and women, and the interaction between cooking fuel type and sex never reached statistical significance. However, our indicator of indoor air pollution is based only on cooking fuel. Households that rely on wood/coal for cooking may rely on biomass for other domestic energy including heating and lighting. Smoke and particulate matter from these latter sources may circulate throughout the household, exposing men and women to indoor air pollution. Third, to assess the effect of missing data on our findings, we estimated the cross-sectional associations between cooking fuel and cognition in prior waves (2001 and 2003) among respondents who were omitted in our 2012 data analyses. We found similar negative associations between cooking with biomass and cognitive performance, which suggests a similar pattern of relationship between indoor air pollution and cognition among the analytic sample and omitted respondents. Results of sensitivity analyses are not shown but are available upon request.
dIscussIon
Although the use of biomass for domestic energy is declining in Mexico, 20 we found that approximately 16% of older adults in Mexico still relied on biomass for cooking fuel as of 2012. 
Ageing & health
This differed greatly by locality size with over half of the respondents in the most rural areas reporting using biomass as cooking fuel. In our analyses, exposure to indoor air pollution was associated with decreased performance across several cognitive assessments including verbal learning, attention, orientation and verbal fluency. Further, the associations were equivalent to between 3.5 and 6.5 additional years of age, or 1.7-3.3 fewer years of schooling. These results suggest that the negative associations between air pollution and cognition are not only present from outdoor sources; rather, indoor air pollution may be an important factor in the cognitive ageing of older adults in Mexico and other developing countries. Our work comes with limitations. While our primary analyses are cross-sectional, future work should examine the length table 2 Parameter estimates of use of wood/coal as cooking fuel versus gas using OLS regression by cognitive assessment among older Mexican adults (age 50+) 
Figure 1
Estimates calculated using the parameter estimates for wood/coal use, age and educational attainment located in online supplementary table 1. Estimates are from models adjusting for age, sex, locality size, household wealth, dwelling characteristics, chronic condition count, smoking behaviour and health insurance coverage.
of exposure to indoor air pollution in greater detail, as well as trajectories of cognitive decline. Further, while our analysis relied on indirect measures of indoor air pollution, future studies should directly measure air quality within the home to evaluate associations between levels of air quality and cognition. We were also unable to examine cognition among proxy interviews. While respondents who used biomass for cooking were more likely to require proxy interviews (13% of biomass users required a proxy while only 7% of gas users required a proxy), proxies tend to be in worse health and have poorer cognitive function. Our findings may, therefore, underestimate the negative association between indoor air pollution and cognition. Last, lacking access to clean sources of household energy is correlated with both poverty and rurality. We include several important measures of rurality and poverty including community size, education, household wealth and several housing quality indicators. However, there may be other important confounders that we did not measure, such as diet, that may be related both to rurality and cognitive function.
We were also unable to explore the mechanisms through which indoor air pollution may affect cognition. However, outdoor pollution and pollution from combustion of biomass both contain high concentrations of nitrogen oxide, sulfur dioxide, carbon monoxide, as well as fine particulate matter. 19 21 Although previous research has demonstrated important differences in the chemical content of smoke produced from various sources, 22 it is possible that indoor and outdoor pollution may impact the brain and cognitive function in similar manners. Studies of air pollution from outdoor sources suggest that high concentrations of fine particulate matter (PM 2.5 ) may affect cognition by decreasing white matter 23 and cerebral volume. 24 It is possible then that indoor air pollution may affect cognition via similar mechanisms. While exposure to indoor air pollution may be reduced by promoting cleaner fuel sources and improving ventilation within homes, this is challenging given the rural location of households cooking with biomass. Remote rural areas may have limited access to alternative 'clean' fuel sources and people may use biomass because alternative sources of fuel are not affordable. Policymakers and public health workers must consider the unique needs of these populations and collaborate with community leaders in the implementation of programmes to reduce exposure to indoor air pollution. Programmes to reduce exposure to indoor air pollution have been implemented in Michoacán, Mexico, involving the dissemination of Patsari style cookstoves which allow smoke from the combustion of biomass to leave the house via a pipe to the outside. Patsari stoves were developed with a participatory approach as a low-cost solution that is appropriate for rural dwellers. These stoves may reduce concentrations of carbon monoxide and PM 2.5 by approximately two-thirds 25 with others finding significant reductions as well. 26 However, the effectiveness of this intervention depends on adherence, which has been low. 27 Expanding and improving programmes to reduce exposure to indoor air pollution resulting from the indoor combustion of biomass may be an important step towards improving the health of rural and indigenous populations in Mexico.
The results of this research suggest a negative association between indoor air pollution exposure and cognition in Mexico. This may have substantial public health implications given the rapid expansion of the aged population in Mexico and the economic and social costs associated with their cognitive impairment. In addition to exploring possible mechanisms and how indoor air pollution exposure is associated with cognition longitudinally, future work should evaluate these associations in other Latin American countries and at a global level in contexts where the indoor combustion of biomass for domestic energy remains common.
What is already known on this subject
Several studies suggest exposure to high levels of outdoor air pollution negatively affects cognitive function and one study suggests exposure to woodsmoke may impair children's neurodevelopment. However, exposure to air pollution from indoor combustion of biomass for domestic energy remains common in rural areas of developing countries. The association between exposure to indoor air pollution and cognition among older adults has not been assessed in the scientific literature.
What this study adds
This study adds to the literature on air pollution and cognitive function by demonstrating the negative association between exposure to indoor air pollution and cognition among older adults. Public health efforts should focus on reducing exposure to indoor air pollution, especially in rural areas of developing countries.
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